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Provided are an all-solid-state battery and a preparation
method thereof. The all-solid-state battery includes a posi-
tive electrode, a negative electrode, and a solid-state elec-
trolyte located between the positive electrode and the nega-
tive electrode. The negative electrode includes a first
negative electrode and a second negative electrode. The
second negative electrode is located on a side of the first
negative electrode. The solid-state electrolyte includes a first
solid-state electrolyte and a second solid-state electrolyte.
The first solid-state electrolyte is located between the posi-
tive electrode and the first negative electrode. The second
solid-state electrolyte is located between the positive elec-
trode and the second negative electrode. The roughness of
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the second solid-state electrolyte is greater than the rough-
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1
ALL-SOLID-STATE BATTERY AND
PREPARATION METHOD THEREFOR

RELATED APPLICATIONS

This application is a national stage filing under 35 U.S.C.
371 of International Application No. PCT/CN2020/093083,
filed May 29, 2020, which claims priority to Chinese Appli-
cation No. 202010149151.9, filed Mar. 6, 2020. The entire
teachings of said applications are incorporated by reference
herein.

TECHNICAL FIELD

The present application belongs to the technical field of
energy storage materials, and relates to a battery and a
preparation method thereof, for example, an all-solid-state
battery and a preparation method thereof.

BACKGROUND

Lithium-ion batteries, since commercialized, have been
widely used in power supplies of various portable consumer
electronic products due to the advantages of high energy
density, high working voltage, long cycle life, no memory
effect, environmental friendliness, and flexibility in the
design of size and shape according to actual needs. The new
energy vehicle market has great prospects, and as an impor-
tant chemical power source, lithium-ion batteries are widely
used in mobile communication equipment, electric tools,
electric bicycles, and so on. The demand for lithium-ion
batteries and related supporting industries is increasing.

At present, liquid electrolyte lithium batteries have been
widely used, but liquid electrolyte lithium batteries have the
problems of low energy density and poor safety. Therefore,
the solid-state battery is regarded as the next generation of
lithium batteries with industrial value. However, the inter-
face is the biggest problem for the popularization and use of
solid-state lithium batteries. In actual use, the expansion of
the negative electrode will cause the detachment of the
solid-state electrolyte and the negative electrode.

JP2015195183A discloses an all-solid lithium-ion sec-
ondary battery in which the maximum height roughness Rz
of at least one of an interface between the positive electrode
active material layer and the inorganic solid electrolytic
layer, or an interface between the negative electrode active
material layer and the inorganic solid electrolytic layer is 1.5
um to 5 pm.

JP2015153507A discloses an all-solid battery which
includes a positive electrode active material layer, a negative
electrode active material layer of layer-like amorphous
Li,Ti;O, , whose ten-point average roughness Rz is 500 nm
or less, and a solid electrolyte layer held between the
positive electrode active material layer and the negative
electrode active material layer.

CN110383559A discloses the impact of the roughness of
the solid-state electrolyte in the solid sodium-ion battery on
the battery performance and believes that the improvement
of roughness will improve the adhesion between the solid-
state electrolyte and the active material layer and then
further improve the overall performance of the battery.

However, according to the existing research results, the
adjustment of roughness cannot completely solve the con-
tradiction among adhesion, short circuit, and impedance.
The present application aims to provide a solution to the
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2

problem that the negative electrode is easily detached from
the solid-state electrolyte in the existing art.

SUMMARY

The summary of the subject matter described herein is
given below in detail. This summary is not intended to limit
the scope of the claims.

The object of the present application is to provide an
all-solid-state battery and a preparation method thereof. The
all-solid-state battery provided by the present application
can solve the contradiction among adhesion, short circuit,
and impedance existing in the existing all-solid-state battery.

To achieve the object, the present application adopts the
following solutions.

In a first aspect, the present application provides an
all-solid-state battery. The all-solid-state battery includes a
positive electrode, a negative electrode, and a solid-state
electrolyte located between the positive electrode and the
negative electrode. The negative electrode includes a first
negative electrode and a second negative electrode, and the
second negative electrode is located on a side of the first
negative electrode. The solid-state electrolyte includes a first
solid-state electrolyte and a second solid-state electrolyte.
The first solid-state electrolyte is located between the posi-
tive electrode and the first negative electrode, the second
solid-state electrolyte is located between the positive elec-
trode and the second negative electrode, and the roughness
of the second solid-state electrolyte is greater than the
roughness of the first solid-state electrolyte.

In the all-solid-state battery provided by the present
application, a first negative electrode and a second negative
electrode are disposed, the solid-state electrolyte is divided
into a first solid-state electrolyte and a second-state electro-
lyte, and the roughness of the first solid-state electrolyte
corresponding to the first negative electrode is small,
thereby reducing the problems that the battery is easy to
short circuit and the overall impedance of the battery is large
due to the large roughness of the solid-state electrolyte.
Further, the roughness of the second solid-state electrolyte
corresponding to the second negative electrode is large,
thereby avoiding the problems that the roughness of the
solid-state electrolyte is too small and the adhesion between
the electrodes and the solid-state electrolyte is not strong in
the existing design of the all-solid-state battery.

In the present application, the dilemma of the solid-state
electrolyte roughness design in the existing art is overcome
through the combination design of the first negative elec-
trode, the second negative electrode, the first solid-state
electrolyte, and the second solid-state electrolyte.

In the present application, the roughness may be mea-
sured through the arithmetic average roughness Ra, the
maximum height Ry, the ten-point average roughness Rz,
and so on. Optionally, the roughness may be measured by
using the arithmetic average roughness Ra according to the
test standards GB/T1031-2009, and the interface between
the electrode layer-solid-state electrolyte layer 23 may be
photographed by scanning electron microscopy (SEM).
Then, the surface roughness of the positive electrode, the
negative electrode, and the solid-state electrolyte is mea-
sured by the image analysis software.

Optional technical solutions of the present application are
set forth below and are not intended to limit the technical
solutions of the present application. Technical objects and
beneficial effects of the present application can be better
achieved through the optional technical solutions set forth
below.
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As an optional technical solution of the present applica-
tion, the second negative electrodes are located on both sides
of the first negative electrode, and optionally, the second
negative electrodes are located on opposite sides of the first
negative electrode.

Optionally, the first negative electrode is connected with
the second negative electrodes.

Optionally, the cross-sectional area of the first negative
electrode is larger than the cross-sectional area of each of the
second negative electrodes.

Optionally, the thickness of the first negative electrode is
greater than the thickness of each of the second negative
electrodes.

Optionally, the thickness of the first solid-state electrolyte
is less than the thickness of each of the second solid-state
electrolytes.

The above design is adopted because, although the rough-
ness of the second solid-state electrolyte is greater than the
roughness of the first solid-state electrolyte, since the thick-
ness of the second solid-state electrolyte is large, the case in
which dendrites of the negative electrode puncture the
solid-state electrolyte is avoided.

Since the cross-sectional area of the first negative elec-
trode is larger than the cross-sectional area of the second
negative electrode, the distance between the second negative
electrode and the positive electrode is greater than the
distance between the first negative electrode and the positive
electrode. Therefore, the unfavorable factor of short circuit
easily caused by the large roughness of the second electro-
lyte is partially offset because, with the increase of the
distance between the second negative electrode and the
positive electrode, the possibility of lithium dendrites pass-
ing through the solid-state electrolyte becomes low while the
large roughness brings the beneficial effect of the increase of
the adhesion between the solid-state electrolyte and the
negative electrode.

Optionally, the difference between the thickness of the
second negative electrode and the thickness of the first
negative electrode is in the range of 20% to 400% of the
thickness of the first solid-state electrolyte. As an operable
solution, when the battery performance is emphasized, the
numerical range may be 20% to 150%. As another operable
solution, when the safety performance is emphasized, the
numerical range may be 200% to 400%. The selection of the
numerical range may be adjusted according to the needs of
the battery.

It is to be understood by technicians that, in general, the
thickness difference between the second negative electrode
and the first negative electrode should be equal to the
thickness difference between the first solid-state electrolyte
and the second solid-state electrolyte, and in principle, there
is only a slight difference within the error range.

In some cases, the thickness difference between the sec-
ond negative electrode and the first negative electrode may
not be equal to the thickness difference between the first
solid-state electrolyte and the second solid-state electrolyte.
For example, there are other components in the portions
where the first or second solid-state electrolyte is in contact
with the first and second negative electrodes, which affects
the thickness of the first and second solid-state electrolytes
and the first and second negative electrodes.

It is to be understood by technicians that the first and
second negative electrodes and the first and second solid-
state electrolytes are all one whole, and the thickness of the
coatings or doped components on the first and second
negative electrodes or the first and second solid-state elec-
trolytes should be regarded as the overall thickness of the

10

30

40

45

55

4

first and second negative electrodes or the first and second
solid-state electrolytes. For example, when a coating is
provided on the negative electrode, the thickness of the
coating should be understood as a part of the overall
thickness of the corresponding negative electrode. The
above solution should not be regarded to be excluded from
the scope of protection of the present application.

It is to be further described that, in terms of the difference
between the surface roughness of the first solid-state elec-
trolyte and the roughness of the second solid-state electro-
lyte, the safety and adhesion strength should be considered
comprehensively because, within a reasonable range, the
large roughness increases the adhesion strength between the
solid-state electrolyte and the negative electrode, but too
large roughness will promote the formation of lithium den-
drites, which will lead to short circuit, while too small
roughness, although the safety is guaranteed, weakens the
adhesion and then causes the detachment of the solid-state
electrolyte and the negative electrode. Therefore, the design
of the roughness of the first solid-state electrolyte is mainly
satisfied with the safety requirements while the design of the
roughness of the second solid-state electrolyte is mainly
concerned with the adhesion because the distance between
the second negative electrode and the positive electrode is
farther than the distance between the first negative electrode
and the positive electrode, the safety can still be guaranteed
even if the roughness of the second solid-state electrolyte is
increased.

Therefore, in the present application, the design that the
surface roughness of the second solid-state electrolyte is
greater than the surface roughness of the first solid-state
electrolyte is favorable. In an embodiment, the roughness
may be adjusted according to the actual formulation system.
Optionally, the numerical range of the surface roughness of
the first solid-state electrolyte is 0.1 pm to 30 um, and the
numerical range of the surface roughness of the second
solid-state electrolyte is 0.1 um to 50 um, optionally, 10 um
to 15 pm.

However, it is to be noted that the roughness of the first
solid-state electrolyte cannot be as low as possible. Experi-
ments have proved that for solid-state electrolytes, too low
roughness will promote the formation of lithium dendrites,
which does not facilitate safety.

As a technical solution of the present application, the
roughness of the first solid-state electrolyte and the rough-
ness of the second solid-state electrolyte are both greater
than the surface roughness of the negative electrodes which
are in contact with the first solid-state electrolyte and the
second solid-state electrolyte, respectively, and the differ-
ence between the roughness of the second solid-state elec-
trolyte and the roughness of the second negative electrode is
greater than the difference between the roughness of the first
solid-state electrolyte and the roughness of the first negative
electrode.

Optionally, the difference between the roughness of the
second solid-state electrolyte and the roughness of the
second negative electrode is 100% to 500% greater than the
difference between the roughness of the first solid-state
electrolyte and the roughness of the first negative electrode,
such as 100%, 200%, 300%, 400% or 500%; optionally, the
difference between the roughness of the second solid-state
electrolyte and the roughness of the second negative elec-
trode is 200% to 300% greater than the difference between
the roughness of the first solid-state electrolyte and the
roughness of the first negative electrode.

Since the existing electrodes and the electrodes and the
solid-state electrolytes are usually bonded by the powder
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pressing process, the appropriate roughness difference
between the electrodes and the solid-state electrolytes facili-
tates the improvement of the adhesion strength, but the
excessive roughness difference will affect the adhesion
strength instead. Meanwhile, in the present application,
since the adhesion between the first solid-state electrolyte
and the negative electrode is different from the adhesion
between the second solid-state electrolyte and the negative
electrode, in the actual use, with the expansion of the
negative electrode, stress reserved between the negative
electrode and the first and second solid-state electrolytes will
gradually accumulate. Therefore, in the present application,
optionally, the difference between the roughness of the
second solid-state electrolyte and the roughness of the
second negative electrode is 100% to 500% greater than the
difference between the roughness of the first solid-state
electrolyte and the roughness of the first negative electrode.
Optionally, in addition to the condition that the difference
between the roughness of the second solid-state electrolyte
and the roughness of the second negative electrode is 100%
to 500% greater than the difference between the roughness
of the first solid-state electrolyte and the roughness of the
first negative electrode, the roughness of the first and second
solid-state electrolytes also needs to satisfy the condition
that the roughness of the second solid-state electrolyte is
30% to 150% greater than that of the first solid-state
electrolyte. In this way, the adhesion and stress accumula-
tion between the solid-state electrolyte and the negative
electrode can be properly treated so that stress concentration
will not occur within the service life of the battery.

Optionally, the difference between the roughness of the
second solid-state electrolyte and the roughness of the
second negative electrode is 200% to 300% greater than the
difference between the roughness of the first solid-state
electrolyte and the roughness of the first negative electrode,
and the roughness of the second solid-state electrolyte is
50% to 100% greater than the roughness of the first solid-
state electrolyte, which further improves the safety of the
battery.

Optionally, the roughness of the second negative elec-
trode is greater than the roughness of the first negative
electrode.

As an optional technical solution of the present applica-
tion, the materials of current collectors in the positive and
negative electrodes independently include any one or a
combination of at least two of aluminum, copper, nickel or
zinc.

In the present application, optionally, the current collector
in the positive electrode is made of aluminum, and the
current collector in the negative electrode is made of copper.

As an optional technical solution of the present applica-
tion, the positive electrode active material layer of the
positive electrode includes a positive electrode active mate-
rial.

Optionally, the positive electrode active material includes
any one or a combination of at least two of LiCoO,,
LiMnO,, LiNiO,, LiVO,, LiNji, 5Co,,;Mn, ;0,, LiMn,0O,,
LiTi50,,, Li(Ni, sMn, 5)O,, LiFePO,, LiMnPO,, LiNiPO,,
LiCoPO, or LiNbO;.

LiCo0O,, LiMnO,, LiNiO,, LiVO,, and LiNi,,;Co,;
Mn, ,O, each have a rock salt layered structure, LiMn,O,,
LiTi5O, 5, and Li(Ni, sMn, 5)O, each have a spinel structure,
and LiFePO,, LiMnPO,, LiNiPO,, LiCoPO,, and LiNbO,
each have an olivine structure. Meanwhile, known coating
forms may also be used, such as LiNbO;.
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Optionally, the positive electrode active material layer
further includes any one or a combination of at least two of
a solid-state electrolyte material, a conductive material or an
adhesive material.

Optionally, the solid-state electrolyte material includes a
sulfide solid-state electrolyte material and/or an oxide solid-
state electrolyte material.

Optionally, the conductive material includes any one or a
combination of at least two of acetylene black, conductive
carbon black, ketjen black or carbon fiber.

Optionally, the adhesive material includes any one or a
combination of at least two of polyvinylidene fluoride,
carboxymethylcellulose sodium or styrene-butadiene rub-
ber.

Optionally, the thickness of the positive electrode active
material layer is 1 pm to 500 pm, such as 1 um, 5 pm, 10 pm,
50 um, 100 pm, 200 pm, 300 pm, 400 pm, and 500 um, and
optionally is 50 um to 200 pum.

Optionally, the surface of the positive electrode active
material layer is coated with a coating.

The purpose of the coating on the surface of the positive
electrode active material layer is to inhibit the reaction
between the positive electrode active material and the solid-
state electrolyte material.

Optionally, the material of the coating includes any one or
a combination of at least two of LiNbOj;, Li;PO, or LiPON.

Optionally, the thickness of the coating is 1 nm to 20 nm,
such as 1 nm, 2 nm, 5 nm, 8 nm, 10 nm, 12 nm, 14 nm, 16
nm, 18 nm, and 20 nm.

Particularly optionally, corresponding to the first negative
electrode and the second negative electrode, the positive
electrode is also divided into a first positive electrode and a
second positive electrode, where the first positive electrode
is disposed opposite to the first negative electrode, and the
second positive electrode is disposed opposite to the second
negative electrode.

The thickness of the second positive electrode is less than
the thickness of the first positive electrode by adjusting the
thickness of the first positive electrode and the second
positive electrode, so as to correspond to the thickness
difference between the first negative electrode and the
second negative electrode, thereby overcoming the problem
of lithium plating.

As an optional technical solution of the present applica-
tion, the negative electrode active material layer of the
negative electrode includes a negative electrode active mate-
rial.

Optionally, the negative electrode active material includes
any one or a combination of at least two of a metallic active
material, a carbon active material or an oxide active mate-
rial.

Optionally, the metallic active material includes any one
or a combination of at least two of Si, Sn, In, Si—Al alloy
or Si—In alloy.

Optionally, the carbon active material includes any one or
a combination of at least two of graphite, hard carbon or soft
carbon.

Optionally, the oxide active material includes Li,Ti50,,.

Optionally, the negative electrode active material layer
further includes any one or a combination of at least two of
a solid-state electrolyte material, a conductive material or an
adhesive material.

Optionally, the solid-state electrolyte material includes a
sulfide solid-state electrolyte material and/or an oxide solid-
state electrolyte material.
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Optionally, the conductive material includes any one or a
combination of at least two of acetylene black, conductive
carbon black, ketjen black or carbon fiber.

Optionally, the adhesive material includes any one or a
combination of at least two of polyvinylidene fluoride,
carboxymethylcellulose sodium or styrene-butadiene rub-
ber.

Optionally, the thickness of the negative electrode active
material layer is 1 pm to 500 pm, such as 1 um, 5 um, 10 um,
50 um, 100 pm, 200 pm, 300 pm, 400 pm, and 500 um, and
optionally is 50 um to 200 pum.

Optionally, the first negative electrode and the second
negative electrode share the same current collector.

As an operation solution, the second negative electrode is
provided with an active material layer, and optionally, the
compositions of the active materials of the first negative
electrode and the second negative electrode may be the same
or different.

On the basis of the arrangement of the active material
layer on the second negative electrode, the thickness of the
second negative electrode may be adjusted through the
thickness of the active material layer or the thickness of the
foil. For example, the thickness of the foil on the second
negative electrode may be the same as the thickness of the
foil on the first negative electrode, and the thickness of the
second negative electrode is less than the thickness of the
first negative electrode by making the thickness of the active
material layer on the second negative eclectrode different
from the thickness of the active material layer on the first
negative electrode. On the other hand, the thickness of the
active material layer on the second negative electrode may
be the same as the thickness of the active material layer on
the first negative electrode, and the thickness of the second
negative electrode is less than the thickness of the first
negative electrode by adjusting the thickness of the foil. The
overall thickness of the second negative electrode is less
than the thickness of the first negative electrode by simul-
taneously adjusting the thickness of the active material layer
and the foil. Even, the overall thickness of the second
negative electrode may be less than the thickness of the first
negative electrode by making the thickness of one of the foil
or the active material layer of the second negative electrode
greater than that of the first negative electrode and making
the thickness of the other less than that of the first negative
electrode.

In a word, any reasonable technical solution that makes
the thickness of the second negative electrode less than the
thickness of the first negative electrode is feasible, as long
as the normal operation of the battery is ensured.

As another operation solution, the second negative elec-
trode may not be provided with an active material layer, and
additionally, the positive electrode portion corresponding to
the second negative electrode may not be provided with an
active material layer.

As an optional technical solution, the material of the
solid-state electrolyte located between the positive electrode
and the negative electrode includes any one or a combina-
tion of at least two of a sulfide solid-state electrolyte
material, an oxide solid-state electrolyte material or a poly-
mer solid-state electrolyte material.

In the present application, the material of the solid-state
electrolyte located between the positive electrode and the
negative electrode may be a crystalline material or an
amorphous material. In addition, the solid-state electrolyte
may be glass or crystallized glass.
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Optionally, the thickness of the first solid-state electrolyte
between the positive electrode and the negative electrode is
10 um to 300 pm, such as 10 pm, 50 um, 100 pm, 200 pm,
and 300 pm.

Optionally, the thickness of the first solid-state electrolyte
between the positive electrode and the negative electrode is
20 pm to 60 um. This range not only satisfies the trend of
lightness and thinness of the solid-state electrolyte but also
inhibits the short circuit between the positive electrode and
the negative electrode caused by dendrites.

In a second aspect, the present application provides a
method of preparing the all-solid-state battery described in
the first aspect. The method includes the following steps:

(1) mixing positive electrode active material layer raw
materials, and coating the mixed raw materials on a positive
current collector to obtain a positive electrode;

(2) coating a solid-state electrolyte slurry on the positive
electrode to form a first solid-state electrolyte and a second
solid-state electrolyte, wherein a roughness of the second
solid-state electrolyte is greater than a roughness of the first
solid-state electrolyte, so as to obtain a positive electrode-
solid-state electrolyte composite pole piece; and

(3) mixing negative active material layer raw materials,
and coating the mixed raw materials on a negative current
collector to obtain a first negative electrode and a second
negative electrode, and bonding the positive electrode-solid-
state electrolyte composite pole piece obtain in step (2) with
the first negative electrode and the second negative electrode
to obtain the all-solid-state battery.

As an optional technical solution of the present applica-
tion, step (1) further includes the following step: a coating
is coated on a positive electrode active material layer of the
positive electrode. The purpose of the above operation is to
form a coating layer on the surface of the positive electrode
active material layer and inhibit the reaction between the
positive electrode active material and the solid-state elec-
trolyte material.

Optionally, in step (2), the method to make the roughness
of the second solid-state electrolyte greater than the rough-
ness of the first solid-state electrolyte is to select a material
type and/or a surface treatment.

In the present application, a solid-state electrolyte is
coated on the positive electrode and then the positive
electrode becomes the carrier of the solid-state electrolyte so
that the roughness of the solid-state electrolyte is easily
adjusted. In the existing art, the adjustment of the roughness
of the solid-state electrolyte is difficult because due to the
requirement of lightness and thinness of the electrolyte, the
thickness of the solid-state electrolyte is small, which has
high requirements for the conventional treatment process. In
the present application, the effect of adjusting the solid-state
electrolyte can be achieved by adjusting the combination
sequence of the solid-state electrolyte and the electrode.

For the polymer solid-state electrolyte, when the method
of selecting material types is used, the viscosity of polymer
can be adjusted by using materials with different molecular
weights, and then the roughness can be adjusted.

Optionally, the surface treatment includes any one or a
combination of at least two of sandblasting, grinding, rolling
or coating.

Optionally, the preparation method further includes the
following step: roughness adjustment is performed on the
positive electrode obtained in step (1) and/or the first nega-
tive electrode and the second negative electrode obtained in
step (3).

In general, the roughness control of the positive and
negative electrodes has the following rules:
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1. The smaller the particle sizes (average particle size
D50) of the positive electrode active material and the
negative electrode active material, the smaller the surface
roughness of the positive electrode layer and the negative
electrode layer.

2. The smaller the viscosity of positive and negative
adhesives, the smaller the surface roughness of positive and
negative layers.

3. The increase of the sintering pressure can reduce the
surface roughness of both the positive layer and negative
layer.

As a further optional technical solution of the preparation
method of the present application, the method includes the
following steps:

(1) mixing a positive electrode active material, a conduc-
tive material, and an adhesive material, coating the mixed
materials on a positive electrode current collector aluminum
foil by a coating machine, and drying to obtain a positive
electrode;

(2) coating a solid-state electrolyte slurry on the positive
electrode, drying the coated positive electrode to form a first
solid-state electrolyte and a second solid-state electrolyte,
and making a roughness of the second solid-state electrolyte
greater than a roughness of the first solid-state electrolyte
through surface treatment to obtain a positive electrode-
solid-state electrolyte composite pole piece; and

(3) mixing a negative active material and an adhesive,
coating the mixed materials on a copper foil by a coating
machine, drying to obtain a first negative electrode and a
second negative electrode, and bonding the positive elec-
trode-solid-state electrolyte composite pole piece obtain in
step (2) with the first negative electrode and the second
negative electrode to obtain the all-solid-state battery.

Compared with the existing art, the present application
has the following beneficial effects:

(1) In the all-solid-state battery provided by the present
application, a first negative electrode and a second negative
electrode are disposed, the solid-state electrolyte is divided
into two parts: a first solid-state electrolyte and a second-
state electrolyte, and the roughness of the first solid-state
electrolyte corresponding to the main body (the first nega-
tive electrode) of the battery is small, thereby reducing the
problems that the battery is easy to short circuit and the
overall impedance of the battery is large due to the large
roughness of the solid-state electrolyte. Further, the rough-
ness of the second solid-state electrolyte corresponding to
the second negative electrode is large, thereby avoiding the
problems that the roughness of the solid-state electrolyte is
too small and the adhesion between the electrodes and the
solid-state electrolyte is not strong in the existing design of
the all-solid-state battery. In the present application, the
dilemma of the solid-state electrolyte roughness design in
the existing art is overcome through the combination design
of'the first negative electrode, the second negative electrode,
the first solid-state electrolyte, and the second solid-state
electrolyte. The initial charge/discharge efficiency of the
all-solid-state battery provided by the present application
can reach 90%, and the capacity retention rate after 30
charge and discharge cycles can reach 97.3%.

(2) The preparation method provided by the present
application is simple to operate, low in cost, and convenient
for large-scale production in the industry.

Other aspects can be understood after the detailed descrip-
tion and the drawings are read and understood.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a structural diagram of an all-solid-state battery
provided in Example 1 of the present application, where
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1a—second negative electrode, 15—first negative electrode,
2—positive electrode, 3—first solid-state electrolyte, and
4—second solid-state electrolyte.

DETAILED DESCRIPTION

To better illustrate the present application and to facilitate
the understanding of the solutions of the present application,
the present application is further described in detail below.
The examples described below are merely simple examples
of the present application and not intended to represent or
limit the scope of the present application. The scope of the
present application is defined by the claims.

Typical but non-limiting examples of the present appli-
cation are described below.

Example 1

This example provides an all-solid-state battery. As
shown in FIG. 1 which is a structural diagram of the
all-solid-state battery, the all-solid-state battery includes a
positive electrode 2, a negative electrode, and a solid-state
electrolyte located between the positive electrode and the
negative electrode. The negative electrode includes a first
negative electrode 15 and two second negative electrodes
1a. The two second negative electrodes 1a are located on the
opposite sides of the first negative electrode 156 and con-
nected with the first negative electrode 15. The solid-state
electrolyte includes a first solid-state electrolyte 3 and two
second solid-state electrolytes 4. The first solid-state elec-
trolyte 3 is located between the positive electrode 2 and the
first negative electrode 1. The two second solid-state elec-
trolytes 4 are each located between the positive electrode 2
and each of the two second negative electrodes 1a, and each
of'the two second negative electrodes 1a corresponds to one
of the two second solid-state electrolytes 4. The roughness
of each of the two second solid-state electrolytes 4 is greater
than the roughness of the first solid-state electrolyte 3.

There are two second negative electrodes 1a, each of
which has a roughness of 8 um and a thickness of 120 pm.
The first negative electrode has a roughness of 10 um and a
thickness of 150 um.

The current collectors of the first and second negative
electrodes are copper foil, and the non-electroactive mate-
rials in the negative electrode active material layer on the
current collector is composed of 60 wt % carbon fiber and
40 wt % polytetrafluoroethylene.

The current collector of the positive electrode is alumi-
num foil, the positive electrode active material layer on the
current collector is composed of 50 wt % of LiCoO,, 20 wt
% of conductive carbon black, and 30 wt % of polytetrafluo-
roethylene, and the thickness of the positive electrode active
material layer is 150 um.

The material of the first solid-state electrolyte is 50 wt %
of Li,La;Zr,0,,, 30 wt % of lithium perchlorate, and 20 wt
% of polyethylene oxide, and the first solid-state electrolyte
has a thickness of 100 um and a roughness of 12 um. The
material of each of the two second solid-state electrolytes is
50 wt % of Li,La;Zr,0,,, 30 wt % of lithium perchlorate,
and 20 wt % of polyethylene oxide, and each of the two
second solid-state electrolytes has a thickness of 150 um and
a roughness of 18 pm (the difference between the roughness
of each of the two second solid-state electrolytes and the
roughness of each of the two second negative electrodes is
150% greater than the difference between the roughness of
the first solid-state electrolyte and the roughness of the first
negative electrode).
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This example further provides a method of preparing the
all-solid-state battery described above. The method includes
the following steps.

An aluminum foil was provided, the formulary amount of
positive electrode active material LiCoO,, a conductive
carbon black, and an adhesive solution dissolved in N-meth-
ylpyrrolidone were mixed to obtain a positive electrode
active layer slurry, and then the positive electrode active
layer slurry was coated on the outer surface of the aluminum
foil by a coating machine and dried to obtain a positive
electrode 2.

A solid-state electrolyte slurry was coated on the positive
electrode 2, where on the portion corresponding to the first
negative electrode 15, the slurry was coated with a thickness
ot 100 pm to form a first solid-state electrolyte 3, and on the
portion corresponding to the second negative electrode 1a,
the slurry was coated with a thickness of 150 um to form a
second solid-state electrolyte 4. After the coating was com-
pleted, the slurry was dried, and the surfaces of the first
solid-state electrolyte 3 and the second solid-state electrolyte
4 were respectively treated by a conventional sanding pro-
cess so that the roughness of the second solid-state electro-
lyte 4 was greater than the roughness of the first solid-state
electrolyte 3, so as to obtain a positive electrode-solid-state
electrolyte composite pole piece.

A copper foil was provided, the formulary amount of a
carbon material and an adhesive material are mixed to form
a negative electrode coating layer composition, the negative
electrode coating layer composition was coated on the
corresponding copper foil by a coating method, where the
thickness of the second negative electrode 1a was 50 pm
thinner than the thickness of the first negative electrode 15,
and after the coating was completed, the composition was
dried to obtain a negative electrode piece.

The positive-solid-state electrolyte composite pole piece
and the negative pole piece were bonded to obtain an
all-solid-state lithium-ion battery.

The performance test results of the all-solid-state battery
provided in this example are shown in Table 1, and the
adhesion after 100 cycles is shown in Table 2.

Example 2

The all-solid-state battery provided in this example is the
same as the all-solid-state battery provided in Example 1
except that the roughness of each second negative electrode
la is 8 um, the roughness of the first negative electrode 15
is 8 um, the roughness of each second solid-state electrolyte
4 is 22 yum, and the roughness of the first solid-state
electrolyte 3 is 15 um (the difference between the roughness
of each second solid-state electrolyte 4 and the roughness of
each second negative electrode 1a is 100% greater than the
difference between the roughness of the first solid-state
electrolyte 3 and the roughness of the first negative electrode
15).

The performance test results of the all-solid-state battery
provided in this example are shown in Table 1, and the
adhesion after 100 cycles is shown in Table 2.

Example 3

The all-solid-state battery provided in this example is the
same as the all-solid-state battery provided in Example 1
except that the roughness of each second negative electrode
la is 8 um, the roughness of the first negative electrode 15
is 8 um, the roughness of each second solid-state electrolyte
4 is 32 um, and the roughness of the first solid-state
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electrolyte 3 is 12 um (the difference between the roughness
of'each second solid-state electrolyte 4 and the roughness of
each second negative electrode 1a is 500% greater than the
difference between the roughness of the first solid-state
electrolyte 3 and the roughness of the first negative electrode
15).

The performance test results of the all-solid-state battery
provided in this example are shown in Table 1, and the
adhesion after 100 cycles is shown in Table 2.

Example 4

The all-solid-state battery provided in this example is the
same as the all-solid-state battery provided in Example 1
except that the roughness of each second negative electrode
la is 8 pum, the roughness of the first negative electrode 16
is 8 um, the roughness of each second solid-state electrolyte
4 is 48 um, and the roughness of the first solid-state
electrolyte 3 is 12 um (the difference between the roughness
of'each second solid-state electrolyte 4 and the roughness of
each second negative electrode 1a is 900% greater than the
difference between the roughness of the first solid-state
electrolyte 3 and the roughness of the first negative electrode
15).

The performance test results of the all-solid-state battery
provided in this example are shown in Table 1, and the
adhesion after 100 cycles is shown in Table 2.

Example 5

The all-solid-state battery provided in this example is the
same as the all-solid-state battery provided in Example 1
except that the roughness of each second negative electrode
la is 8 pum, the roughness of the first negative electrode 16
is 8 um, the roughness of each second solid-state electrolyte
4 is 14 pm, and the roughness of the first solid-state
electrolyte 3 is 17 um (the difference between the roughness
of'each second solid-state electrolyte 4 and the roughness of
each second negative electrode 1a is 50% greater than the
difference between the roughness of the first solid-state
electrolyte 3 and the roughness of the first negative electrode
15).

The performance test results of the all-solid-state battery
provided in this example are shown in Table 1, and the
adhesion after 100 cycles is shown in Table 2.

Comparative Example 1

The all-solid-state battery provided in this comparative
example is the same as the all-solid-state battery provided in
Example 1 in structure, composition, and parameters such as
roughness and thickness except that the second negative
electrode 1a and the second solid-state electrolyte 4 are
absent.

The performance test results of the all-solid-state battery
provided in this comparative example are shown in Table 1,
and the adhesion after 100 cycles is shown in Table 2.
Test Method

At 60° C. to 80° C., the rate performance of the battery
was tested with a charging rate of 5 C, a discharging rate of
10 C, and a voltage ranging from 3 Vto 43 V.

The adhesion between the solid-state electrolyte of the
battery and the first and second negative electrodes and the
adhesion between the first solid-state electrolyte and the
second solid-state electrolyte were observed after the battery
was subjected to 100 charge and discharge cycles.
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The performance test results of the battery are shown in
Table 1.

TABLE 1
Capacity Capacity Capacity
retention retention retention
Initial rate after 10 rate after 20 rate after 30
charge/ charge and  charge and  charge and
discharge discharge discharge discharge
efficiency (%) cycles (%)  cycles (%)  cycles (%)
Example 1 90 99.5 98.6 97.3
Example 2 90.2 99.3 98.4 97.2
Example 3 90.1 99.1 98.3 91.5
Example 4 89.9 99.2 98.1 97.3
Example 5 90.3 96.9 97.3 96.8
Comparative 88.92 96.3 96 95.7
Example 1

The adhesion after 100 cycles is shown in Table 2.

TABLE 2

Adhesion between the first
solid-state electrolyte and
the second solid-state

Adhesion between the
solid-state electrolyte and the

negative electrode electrolyte
Example 1 ~ Well bonded Well bonded
Example 2 Well bonded Well bonded
Example 3~ Well bonded Well bonded
Example 4  Well bonded Stress existed
Example 5 Well bonded Well bonded

In summary, as can be seen from the examples and
comparative example described above, in the all-solid-state
battery provided by Examples 1 to 5, a first negative
electrode and a second negative electrode are disposed, the
solid-state electrolyte is divided into two parts: a first
solid-state electrolyte and a second-state electrolyte, and the
roughness of the first solid-state electrolyte corresponding to
the main body (the first negative electrode) of the battery is
small, thereby reducing the problems that the battery is easy
to short circuit and the overall impedance of the battery is
large due to the large roughness of the solid-state electrolyte.
Further, the roughness of the second solid-state electrolyte
corresponding to the second negative electrode is large,
thereby avoiding the problems that the roughness of the
solid-state electrolyte is too small and the adhesion between
the electrodes and the solid-state electrolyte is not strong in
the existing design of the all-solid-state battery. In the
present application, the dilemma of the solid-state electro-
lyte roughness design in the existing art is overcome through
the combination design of the first negative electrode, the
second negative electrode, the first solid-state electrolyte,
and the second solid-state electrolyte.

However, in the all-solid-state battery provided in
Example 4, the difference between the roughness of the
second solid-state electrolyte and the roughness of the
second negative electrode is much greater than the differ-
ence between the roughness of the first solid-state electrolyte
and the roughness of the first negative electrode, resulting in
adhesion problems in the first and second solid-state elec-
trolytes and potential safety problems.

In the all-solid-state battery provided in Example 5, the
difference between the roughness of the second solid-state
electrolyte and the roughness of the second negative elec-
trode is too little greater than the difference between the
roughness of the first solid-state electrolyte and the rough-
ness of the first negative electrode. Although the first solid-
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state electrolyte and the second solid-state electrolyte are
well bonded, the performance of the all-solid-state battery is
significantly poorer than the performance of the all-solid-
state batteries in Examples 1 to 4 and slightly better than the
performance of the all-solid-state battery in the comparative
example.

In Comparative Example 1, there is no second negative
electrode and second solid-state electrolyte, resulting in low
initial charge/discharge efficiency and cycle capacity reten-
tion because, with the increase of cycles, the adhesion
between the electrode and the solid-state electrolyte
becomes poor, and the impedance increases, which affects
the performance of the battery.

The applicant has stated that although the detailed process
equipment and flows of the present application are described
through the examples described above, the present applica-
tion is not limited to the detailed process equipment and
flows described above, which means that the implementa-
tion of the present application does not necessarily depend
on the detailed process equipment and flows described
above.

What is claimed is:

1. An all-solid-state battery, comprising a positive elec-
trode, a negative electrode, and a solid-state electrolyte
located between the positive electrode and the negative
electrode, wherein the negative electrode comprises a first
negative electrode and a second negative electrode, the
second negative electrode is located on a side of the first
negative electrode, the solid-state electrolyte comprises a
first solid-state electrolyte and a second solid-state electro-
lyte, the first solid-state electrolyte is located between the
positive electrode and the first negative electrode, the second
solid-state electrolyte is located between the positive elec-
trode and the second negative electrode, and a roughness of
the second solid-state electrolyte is greater than a roughness
of the first solid-state electrolyte;

wherein the roughness of the first solid-state electrolyte

and the roughness of the second solid-state electrolyte
are both greater than a surface roughness of the nega-
tive electrode, and a difference between the roughness
of the second solid-state electrolyte and a roughness of
the second negative electrode is greater than a differ-
ence between the roughness of the first solid-state
electrolyte and a roughness of the first negative elec-
trode; and

wherein the difference between the roughness of the

second solid-state electrolyte and the roughness of the
second negative electrode is 100% to 500% greater
than the difference between the roughness of the first
solid-state electrolyte and the roughness of the first
negative electrode.

2. The all-solid-state battery according to claim 1,
wherein a cross-sectional area of the first negative electrode
is larger than a cross-sectional area of the second negative
electrode.

3. The all-solid-state battery according to claim 1,
wherein the positive and negative electrodes further com-
prise current collectors, wherein materials of the current
collectors independently comprise any one or a combination
of at least two of aluminum, copper, nickel or zinc.

4. The all-solid-state battery according to claim 1,
wherein a positive electrode active material layer of the
positive electrode comprises a positive electrode active
material;

optionally, the positive electrode active material com-

prises any one or a combination of at least two of
LiCo0O,, LiMnO,, LiNiO,, LiVO,, LIiNi,,;CO,,
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Mn,;0,, LiMn,O, LiTi;O,, Li(Nip sMn, 5)O,,
LiFePO,, LiMnPO,, LiNiPO,, LiCoPO, or LiNbOj;
optionally, the positive electrode active material layer
further comprises any one or a combination of at least
two of a solid-state electrolyte material, a conductive
material or an adhesive material;
optionally, the solid-state electrolyte material comprises a
sulfide solid-state electrolyte material and/or an oxide
solid-state electrolyte material;
optionally, the conductive material comprises any one or
a combination of at least two of acetylene black,
conductive carbon black, ketjen black or carbon fiber;
optionally, the adhesive material comprises any one or a
combination of at least two of polyvinylidene fluoride,
carboxymethylcellulose sodium or styrene-butadiene
rubber;
optionally, a thickness of the positive electrode active
material layer is 1 pm to 500 um, optionally 50 um to
200 pmy;
optionally, a surface of the positive electrode active
material layer is coated with a coating;
optionally, a material of the coating comprises any one or
a combination of at least two of LiNbO;, Li,PO, or
LiPON;
optionally, a thickness of the coating is 1 nm to 20 nm.
5. The all-solid-state battery according to claim 1,
wherein a negative electrode active material layer of the
negative electrode comprises a negative electrode active
material;
optionally, the negative electrode active material com-
prises any one or a combination of at least two of a
metallic active material, a carbon active material or an
oxide active material,
optionally, the metallic active material comprises any one
or a combination of at least two of Si, Sn, In, Si—Al
alloy or Si—In alloy;
optionally, the carbon active material comprises any one
or a combination of at least two of graphite, hard
carbon or soft carbon;
optionally, the oxide active material comprises [i,TisO,;
optionally, the negative electrode active material layer
further comprises any one or a combination of at least
two of a solid-state electrolyte material, a conductive
material or an adhesive material;
optionally, the solid-state electrolyte material comprises a
sulfide solid-state electrolyte material and/or an oxide
solid-state electrolyte material;
optionally, the conductive material comprises any one or
a combination of at least two of acetylene black,
conductive carbon black, ketjen black or carbon fiber;
optionally, the adhesive material comprises any one or a
combination of at least two of polyvinylidene fluoride,
carboxymethylcellulose sodium or styrene-butadiene
rubber;
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optionally, a thickness of the negative electrode active
material layer is 1 pm to 500 um, optionally 50 um to
200 pm;

optionally, the first negative electrode and the second

negative electrode share a same current collector.

6. The all-solid-state battery according to claim 1,
wherein a material of the solid-state electrolyte located
between the positive electrode and the negative electrode
comprises any one or a combination of at least two of a
sulfide solid-state electrolyte material, an oxide solid-state
electrolyte material or a polymer solid-state electrolyte
material;

optionally, the thickness of the first solid-state electrolyte

between the positive electrode and the negative elec-
trode is 10 pm to 300 pm;

optionally, the thickness of the first solid-state electrolyte

between the positive electrode and the optionally, the
thickness of the first solid-state electrolyte between the
positive electrode and the negative electrode is 20 um
to 60 pum.

7. The all-solid-state battery according to claim 1,
wherein a numerical range of the roughness of the first
solid-state electrolyte is 0.1 pm to 30 um.

8. The all-solid-state battery according to claim 1,
wherein a numerical range of the roughness of the second
solid-state electrolyte is 0.1 pm to 50 um.

9. The all-solid-state battery according to claim 1,
wherein the first negative electrode is connected with the
second negative electrodes.

10. The all-solid-state battery according to claim 1,
wherein the second negative electrodes are located on both
sides of the first negative electrode.

11. The all-solid-state battery according to claim 1,
wherein a thickness of the first solid-state electrolyte is less
than a thickness of each of second solid-state electrolytes.

12. The all-solid-state battery according to claim 1,
wherein a thickness of the first negative electrode is greater
than a thickness of each of the second negative electrodes.

13. The all-solid-state battery according to claim 1,
wherein the difference between the roughness of the second
solid-state electrolyte and the roughness of the second
negative electrode is 200% to 300% greater than the differ-
ence between the roughness of the first solid-state electrolyte
and the roughness of the first negative electrode;

optionally, the roughness of the second solid-state elec-

trolyte is 30% to 150% greater than the roughness of
the first solid-state electrolyte;

optionally, the roughness of the second negative electrode

is greater than the roughness of the first negative
electrode.



